Abstract: Fe-Mo alloys were electrodeposited from a pyrophosphate bath using a single diode rectified AC current. Their composition and morphology were investigated by SEM, optical microscopy and EDS, in order to determine the influence of the deposition conditions on the morphology and composition of these alloys. It was shown that the electrodeposition parameters, such as: chemical bath composition and current density, influenced both the composition of the Fe-Mo alloys and the current efficiency for their deposition, while the micro and macromorphology did not change significantly with changing conditions of alloy electrodeposition. It was found that the electrodeposited Fe-Mo alloys possessed a 0.15 V to 0.30 V lower overvoltage than mild steel for hydrogen evolution in an electrolyte commonly used in commercial chlorate production, depending on the alloy composition, i.e., the conditions of alloy electrodeposition.
INTRODUCTION
Binary and ternary alloys containing transition metals, such as Mo,W, Ni, Co and Fe, electrodeposited under direct current (DC) conditions have been described in the literature as promising cathodes for hydrogen evolution in chlor-alkaline and chlorate electrolysis. [1] [2] [3] [4] It was shown that certain deposit compositions tend to lower the hydrogen evolution overvoltage and it is anticipated that these new cathodic materials may perform better than those used commercially in industrial plants. 4 The influence of pulse plating on the current efficiency, composition and deposit morphology has also been examined. 5 Asquare wave pulsing regime was used to produce Co-Mo alloy coatings containing up to 55 at.%molybdenum. Due to the co-generation of hydrogen at these deposition potentials, deposit current efficiencies of about # Serbian Chemical Society active member.
50 % are typical. Deposits of poor quality were obtained using deposition current densities higher than 150 mA cm -2 , while micor-cracked, compact coatings were obtained at current densities of 25 mA cm -2 to 150 mA cm -2 . The polarization characteristics of coatings deposited at high frequency (10 4 Hz) using an effective current density of 25 mA cm -2 have been investigated in electrolytes commonly used in brine electrolysis. It was shown that the overvoltage for hydrogen evolution on the Co-Mo alloy was about 0.15 V lower than that observed on mild steel. 6 During the last decade, numerous papers concerning the mechanism and kinetics of induced co-deposition, particularly for the systems Ni-Mo and Ni-W, were published, [7] [8] [9] [10] [11] [12] [13] [14] but none of these works was devoted to the influence of the deposition conditions on the morphology of the electrodeposited alloys and the influence of their composition on the hydrogen evolution reaction.
In this paper, the morphology and composition of Fe-Mo alloy thin films were examined for a variety of electrodeposition conditions and their influence on the hydrogen evolution reaction in a commercial electrolyte for chlorate electrolysis was investigated.
EXPERIMENTAL
All samples were deposited on mild steel substrates having a surface area of 3 cm 2 . The steel substrates were first sand blasted using 50 mm particles, degreased in NaOH-saturated ethanol for min, then etched in 25 wt. % HCl for 2 min. After this procedure, the samples were washed with distilled water, dried and weighed and then immersed in the solution for Fe-Mo alloy electrodeposition. After deposition, the samples were washed, dried and weighed again to determine the mass of the alloy. All solutions were made using distilled-deionized water and analytical grade chemicals.
Fe-Mo alloys were deposited to a constant charge of 36 C cm -2 , in two electrode plating bath from solutions containign different concentrations of FeCl 3 and Na 4 P 2 O 7 with constant concentrations of NaHCO 3 (75 g dm -3 ) and Na 2 MoO 4 (40 g dm -3 ) at 60 ºC. A Ti-Pt mesh, placed parallel to the cathode, was used as a counter electrode during electrodeposition and the electrolyte was moderately stirred with a magnetic stirrer.
All deposition experiments were performed using a home made single diode rectifier. A potentiostat PAR M273 was used to collect the current-voltage data for hydrogen evolution. These polarization curves were corrected for IR drop after determining the solution resistance from the high frequency intercept on the Z' axis of Z'-Z" impedance plots. Impedance diagrams were performed using a potentiostat PAR M273 and a Lock-in Amplifier PAR M5301 with software for impedance measurements PAR M378.
The hydrogen evolution on the Fe-Mo electrodeposits was investigated in a standard electrochemical cell using electrolyte for chlorate production, 300 g dm -3 NaCl and 3 g cm -3 K 2 Cr 2 O 7 at 80 ºC. A saturated calomel electrode (SCE) was used as the reference electrode while a flat Pt sheet served as the counter electrode.
Scanning electron microscopy (SEM -JOEL 840) was used to characterize the as-deposited surfaces and to determine the alloy composition using energy dispersive X-ray spectroscopy (EDS). Selected deposits were mounted in cross-section, polished and examined by optical microscopy.
RESULTS

Fe-Mo alloy electrodeposition
In order to determine the optimum conditions for Fe-Mo alloy electrodeposition, the concentration of FeCl 3 was varied between 3 and 12 g dm -3 , the concentration of Na 4 P 2 O 7 was varied between 15 and 75 g dm -3 and the current density between 10 and 100 mA cm -2 . After determining the composition of the Fe-Mo alloys by EDS analysis, the current efficiency (h j ) was calculated using the expression given by Lowenheim: 15
where: Dm -mass of deposited alloy; m t -theoretical mass; x Mo -wt.% of Mo in the deposit; x Fe -wt.% of Fe in the deposit; e Fe and e Mo -electrochemical equivalents of Fe and Mo, respectively; I -current; t -duration of the deposition process.
The influence of the Na 4 P 2 O 7 concentration. The influence of the Na 4 P 2 O 7 concentration on the current efficiency and alloy composition was investigated in a solution containing 9 g dm -3 FeCl 3 , 75 g cm -3 NaHCO 3 and 40 g dm -3 Na 2 MoO 4 at an average current density of 20 mAcm -2 . As can be seen from Fig. 1 , the content of Mo increases while the content of Fe decreases with increasing concentation of Na 4 P 2 O 7 . The current efficiency is seen to possess a maximum of about 50 % at a concentration of Na 4 P 2 O 7 of 30 g dm -3 .
The influence of the FeCl 3 concentration. The influence of the FeCl 3 concentration on the current efficiency and alloy composition was investigated in a solution containing 45 g dm -3 Na 4 P 2 O 7 , 75 g dm -3 NaHCO 3 and 40 g dm -3 Na 2 MoO 4 at an average current density of 20 mA cm -2 . As can be seen in Fig. 2 , the content of Mo decreases, while the content of Fe increases with increasing concentration of FeCl 3 . The current efficiency also incrases with increasing concentration of FeCl 3 . Fig. 1 . The influence of the Na 4 P 2 O 7 concentration on the current efficiency (h j ) and alloy composition (wt.% Mo, Fe) recorded at an average current density of a rectified AC current regime of 20 mA cm -2 : composition of the electrolyte -9 g dm -3 FeCl 3 , 75 g dm -3 NaHCO 3 and 40 g dm -3 Na 2 MoO 4 ; temperature -60 ºC. 3 . The influence of the average current density for alloy deposition (j dep.av ) on the current efficiency (h j ) and alloy composition (wt.% Mo, Fe) recorded in an electrolyte containing 45 g dm -3 Na 4 P 2 O 7 , -9 g dm -3 FeCl 3 , 75 g dm -3 NaHCO 3 and 40 g dm -3 Na 2 MoO 4 at a temperature of 60 ºC.
The influence of the average current density. The influence of the average current density on the current efficiency and alloy composition was investigated in a solution containing 9 g cm -3 FeCl 3 , 45 g dm -3 Na 4 P 2 O 7 , 75 g dm -3 NaHCO 3 and 40 g dm -3 Na 2 MoO 4 and the results are shown in Fig. 3 . As can be seen, the content of Mo increases, while the content of Fe decreases with increasing average current density, while the current efficiency increases sharply from 10 % to 43 % in the range between 10 mA cm -2 and 20 mA cm -2 , reaching a maximum of 43 % at 20 mA cm -2 , and then slowly decreases to about 30 % with increasing average current density from 20 mA cm -2 to 100 mA cm -2 .
Summarizing all the results presented in Figs. 1, 2 and 3, the current efficiency can be plotted as a function of the composition of the Fe-Me alloy, as is shown in Fig.  4 . The maximum current efficiency of about 50 % was obtained at a content of Mo of about 47 wt.%.
Morphology of the Fe-Me alloys
The morphology of the as-deposited samples was investigated by SEM of the electrode surface and optical microscopy of a cross section. In 20 mm (b). As can be seen, the morphology of the Fe-Mo alloys is characterized by the presence of micro-cracks, with some of them being up to 2 mm wide (Fig. 5b) . It is important to note that although the surface of the samples deposited at lower current densities (examined with the naked eye) appeared to be less rough, i.e., brighter, SEM showed that the micro-morphology of all the samples was almost the same.
Polarization diagrams in the electrolyte for chlorate production
Polarization curves for mild steel (o) and one of the alloys with a lower overvoltage for hydrogen evolution (¡), recorded in a commercial solution for chlorate production (300 g dm -3 NaCl and 3 g dm -3 K 2 Cr 2 O 7 ) at 80 ºC are shown in Fig. 6 . As can be seen, constant Tafel slopes of 190 -200 mV dec -1 were obtained.
Finally, all samples were tested under the same condition for the hydrogen evolution reaction. The results are summarized in Fig. 7 , where the electrode potentials recorded at a current density of 200 mA cm -2 are plotted as a function of Mo content in the alloy. As can be seen, the lowest overpotential was recorded for samples containing about 60 wt.% Mo.
If the sample is left in the cell for hydrogen evolution at a current density of 200 mA cm -2 for a longer time (up to 120 h), the polarization characteristics change, as can be seen in Fig. 8 , most probably as a consequence of a small change of the surface roughness during extended hydrogen evolution at the investigated surface. 
DISCUSSION
The influence of the electrodeposition conditions on the composition and morphology of Fe-Mo alloys
After examining the results presented in Figs. 1 and 2 , obtained at an average current density of 20 mA cm -2 , it was concluded that the influence of the average current density should be investigated in a solution containing 9 g dm -3 FeCl 3 and 45 g dm -3 Na 4 P 2 O 7 , since with this solution, the content of Mo in the alloy was high, between 40 wt.% and 50 wt.%, while the current efficiency for alloy deposition was about 40 %, slightly lower than the maximum of 50 % recorded with a concentration of Na 4 P 2 O 7 of 30 g dm -3 .
As can be seen in Fig. 3 , an average current density lower than 20 mA cm -2 is not recommendable, since the current efficiency (h j ) is only 10 % and the content of Mo is also low, about 25 wt.%. At average current densities higher than 20 mAcm -2 , h j slightly decreases, while the content of Mo increases to about 62 wt.% at j = 100 mA cm -2 .
If all results presented in Figs. 1-3 are summarized, Fig. 4 is obtained. Hence, a maximum h j for Fe-Mo alloy electrodeposition of 50 % could be obtained at Mo content in the alloy of about 47 wt.%. At higher contents of Mo in the alloy, h j decreases down to about 15 % at 68 wt.% of Mo. As was to be expected, the decrease of h j is the consequence of the increase of the content of Mo in the electrodeposited alloy.
The influence of alloy composition on the overvoltage for hydrogen evolution in a commercial electrolyte for chlorate production Well defined Tafel lines with a single slope varying between 190 mV dec -1 and 250 mV dec -1 were obtained for all the investigated samples (polarization curves in a commercial electrolyte for each electrodeposited sample). The unusually high values of the Tafel slope, also obtained for mild steel (as seen in Fig. 6) , cannot be explained using formal electrochemical kinetics. Such a behavior is most probably the consequence of the presence of dichromate (added to the electrolyte to prevent cathodic losses, i.e., reduction of hypochlorite). It is known 16, 17 that under such conditions a semi-permeable chromium polyoxide film forms on the cathode surface, causing an additional potential drop and, consequently, a higher value of the Tafel slope.
All the results for the hydrogen evolution reaction are summarized in Fig. 7 . It can be concluded that the lowest overvoltage for hydrogen evolution at a current density of 200 mA cm -2 (usually used in industrial plants) is obtained with Fe-Mo alloys containing about 60 wt.% of Mo in the alloy. Considering the phase diagram of the Fe-Mo alloy, 18 it can be seen that in this region of alloy composition, the intermetallic compound FeMo 3 is predominant. According to Jak{i} et. al., 19, 20 the exchange current density for hydrogen evolution can be up to two orders of magnitude different for different intermetallic compounds. Hence, it seems reasonable to expect that the highest catalytic activity for hydrogen evolution would be obtained with alloys in which the FeMo 3 intermetallic compound should be predominant. An attempt was made to examine the as-deposited, 20 mm thick layer of a Fe-Mo alloy of such a composition by the X-ray technique, in order to identify some of the possible intermetallic compounds. Unfortunately, because of the very small size of the crystallites, lower than the limit of the technique, this attempt was unsuccessful.
Taking into account the morphology of the electrodeposited samples, i.e, the presence of open pores of up to 2 mm wide (Fig. 5b) , it is not surprising that the polarizaiton characteristic of the deposit changes with the exposure time of such surface to hydrogen evolugion (Fig. 8) . Such a behavior is most probably caused by an increase of the real surface area after prolonged hydrogen evolution, which lowers the real current density and, accordingly, overvoltage for hydrogen evolution.
Finally, the main purpose of all the investigations performed in this work was to show that electrodeposited Fe-Mo alloys could be used as cathodes for chlorate production. This is confirmed by the results of a pilot plant test lasting for 244 days, in which one of the samples (among several samples tested, showing similar results) of approximate the content of 50 wt.% and a thickness of about 20 mm was tested. The cell voltage was about 0.3 V lower than that with a commercial mild steel cathode (the results are not presented in this article), indicating that Fe-Mo alloys could be successfully used as a catalytically active cathode in an industrial plant for the production of chlorate.
CONCLUSION
It has been shown that the electrodeposition parameters (concentration of Na 4 P 2 O 7 and FeCl 3 salts and average current density of deposition) influence both the composition of the Fe-Mo alloys and the current efficiency for their deposition, while the micro and macro-morphology did not change significantly with changing conditions of alloy electrodeposition.
Further, it has been shown that the electrodeposited Fe-Mo alloys possess an about 0.15V to about 0.30V lower overvoltage than mild steel for hydrogen evolution in an electrolyte commonly used in commercial chlorate production, depending on the alloy composition, indicating that Fe-Mo alloys could be used as catalytically active cathodes for the production of chlorate in industrial plants.
